Abstract: A plasmon-induced transparency (PIT) spectral response in an ultracompact plasmonic structure composed of a metal-insulator-metal waveguide Bragg grating coupled with an air rectangle cavity is proposed, and the corresponding transmission characteristics are investigated theoretically and numerically. By using the transmission line theory (TLT), a remarkable PIT transmission can be proposed in this structure. Moreover, we study the transmission as a function of the coupling distance between the air cavity and insulator layer, and we also discuss the transmission as a function of the thickness of air cavity. To validate the correctness of the TLT results, we have compared them with the finite-difference time-domain method. Both of them agree well with each other. Thus, our results can offer a new possibility and important theory analysis for the designs of the optical switching devices, sensors, and slow light devices in highly integrated optical circuits.
Introduction
Electromagnetically induced transparency (EIT) diminishes light absorption over a narrow spectral region, resulting from a quantum interference effect in the coherently driven atomic systems [1] , [2] . A great many interesting applications based on EIT have been produced in many fields, such as optical information storage [3] , enhanced optical nonlinearities [4] and slow light effects [5] , [6] . However, it is difficult to realize the EIT in atom systems, which need extreme experimental conditions like gaseous mediums and cryogenic conditions. Thus, the practical applications of EIT are restricted. Recently, since the surface plasmons (SPs) can effectively overcome the classical diffraction limit and greatly enhance the local field, a variety of artificial plasmon molecules analogous to EIT have been proposed and investigated, which are called plasmon-induced transparency (PIT) nanostructures [7] - [9] .
Among these different PIT nanostructures, metal-insulator -metal (MIM) plasmonic waveguide has been widely used, as it can confine SPs in a rather small space [10] , [11] and be fabricated conveniently. Based on the special characteristics of MIM waveguide, the PIT observed in plasmonic resonator systems has been theoretically investigated and experimentally demonstrated in recent reports. Veronis et al. [12] , [13] proposed a PIT nanostructure consisting of the MIM waveguide coupled with periodic array of stub resonators, and demonstrated the existence of tradeoff between the slowdown factor and the propagation length of the supported optical mode. In [14] , Lu et al. introduced a phase-coupled PIT system composed of the MIM waveguide coupled with nanoscale disk-shaped resonators. By using the temporal coupled mode theory, Cao et al. [15] studied the PIT transmission by direct and indirect couplings between two stub resonators based on the MIM waveguide. He et al. [16] theoretically discussed PIT transmission in bright-dark mode plasmonic waveguides by combining the radiation field model and transfer matrix method. In [17] , Chen et al. demonstrated the PIT transmission in terahertz asymmetric waveguide coupled with two stub resonators. It is worth noting that most of PIT nanostructures based on MIM waveguides can be proposed by using two effective ways [18] . The first way is to use radiative (coupled to the bus waveguide) and subradiant (not coupled to the bus waveguide) resonators, which can be coupled with each other by being closely embedded, and the second way is to employ multiple radiative resonators that are all coupled to the bus waveguide. However, the study of PIT in MIM waveguide by using only single subradiant resonator is rarely reported.
In this paper, the PIT spectral response in ultra-compact plasmonic structure composed of a MIM waveguide Bragg grating coupled with an air rectangle cavity is investigated numerically and analytically by using the transmission line theory (TLT). Moreover, the TLT results are conformed by the finite-difference time-domain (FDTD) simulation. It is shown that a remarkable PIT transmission can be achieved in this structure, and our proposed structure would be a promising candidate in highly integrated optical circuits.
Structure Design
The schematic diagram of ultra-compact plasmonic structure is shown in Fig. 1 . The MIM waveguide Bragg grating is composed of two metal layers and an insulator layer which is structured by 8 periodic units, and each periodic unit consists of two insulators with different refractive indices (i.e., A and B) by regular stacking. Except for the lack of one insulator B in the last unit, all periodic units are the same. In order to achieve comparatively less cost and lower absorption, the metal in the proposed structure is assumed as silver, whose permittivity can be expressed by the Drude formula [19] . For the structure in Fig. 1 , the titanium dioxide (Ti O 2 , n A = 2.95), and the silicon nitride (Si 3 N 4 , n B = 2) are selected as the insulator materials, respectively. In each periodic unit, the thickness (z direction) of the insulator layer (D 1 ) is 50 nm, while the lengths (x direction) of insulator A (L A ) and insulator B (L B ) are set as 150 nm and 50 nm, respectively. Meanwhile, an air rectangle cavity is inserted into the metal layer. The length (L ai r ) and the thickness (D ai r ) of air cavity are 40 nm and 250 nm respectively, while the thickness (D 2 ) between the air cavity and insulator layer is 10 nm. When a TM-polarized plane wave is coupled into the MIM waveguide, SPs can be excited at the metal-insulator interfaces and confined in the insulator layer. As shown in Fig. 2 , for the MIM waveguide Bragg grating without air cavity, a plasmonic band gap could be observed, which is analogous to these obtained in one-dimensional photonic crystals or fiber gratings [20] , [21] . Thus, the bright mode could be supported by broad plasmonic band gap, which can be directly excited by incident plane wave. By introducing an air rectangle cavity, the plasmonic resonance notch would be suppressed and a pronounced transparency window can be formed in the proposed structure.
The existence of this phenomenon is attributed to the destructive interference between two coherent optical pathways which has been reported in atomic EIT: this plasmonic system involves a bright state |1 and a meta-stable state |2 , which have nearly the same resonant frequencies and remarkable difference in quality factors. Moreover, |0 − |1 defines a dipole-allowed transition [16] , [22] , which is related to the plasmonic resonance mode excited in the MIM waveguide Bragg grating. |0 − |2 defines a dipole-forbidden transition, which is related to the F-P resonant mode excited in the air cavity. The transition |1 − |2 is due to the coupling between the plasmonic resonance mode and F-P resonant mode. Therefore, the two optical pathways of |0 − |1 and |0 − |1 − |2 − |1 interfere destructively to suppress the resonance of plasmonic resonance mode and enhance the transmission simultaneously.
The contour profiles of normalized field H y at the transmitted dip wavelength of 771 nm for MIM waveguide Bragg grating without air rectangle cavity and transparency-peak wavelength of 815 nm for MIM waveguide Bragg grating couples to air rectangle cavity, are shown in Fig. 3(a) and (b) respectively. Notably, the results agree well with the transmission characteristics in Fig. 2 . It is clearly seen that the optical wave coupled into air cavity exhibits the F-P oscillation and forms a standing wave mode when the phase shift for SPs propagating in the air cavity approximately satisfies the phase-matching condition [27] , [28] . Then, when F-P resonant mode interferes destructively with the plasmonic resonance mode excited in the MIM waveguide Bragg grating, a pronounced transparency effect can be induced in the proposed structure.
Analysis of Transmission Characteristics by Using the Transmission Line Theory
Next, the transmission characteristics of proposed structure are investigated systematically by using the transmission line theory. For simplicity, the coupling loss between air cavity and waveguides, and propagation loss in insulator layer are not considered in theoretical model. As shown in Fig. 4 , the characteristic impedance of insulator A and insulator B can be expressed as follows [23] :
where ω is frequency of the incident wave, ε 0 is dielectric constant of vacuum, ε A is dielectric constant of insulator A and ε B is dielectric constant of insulator B. β A = k 0 n e f fA and β B = k 0 n e f fB are the propagation constants in insulator A and insulator B respectively. k 0 is wave number in vacuum, n e f fA and n e f f B are the effective index of insulator A and insulator B respectively. The voltages on either side of the Nth insulator unit can be described by using a 2 × 2 transfer matrix:
where F A and F B are the transfer matrix of insulator A and insulator B respectively, which can be expressed by: Meanwhile, H A B and H B A are the transfer matrix for the connecting boundary of insulator A and insulator B respectively, which can be written by:
Thus, m 11 , m 12 , m 21 and m 22 can be calculated according to (4)- (7). For the insulator layer structured by N insulator periodic units, the calculation of the transmission characteristic involves multiplication of N transfer matric:
The transmission of the MIM waveguide Bragg grating is found to be:
When N = 8, the transmission response of the MIM waveguide Bragg grating structure is obtained from (9) , as shown in Fig. 2(b) .
Furthermore, as shown in Fig. 5 , when the MIM waveguide Bragg grating is coupled with an air rectangle cavity, due to a finite transmission line with the characteristic impedance of cavity Z c terminated by a load impedance Z L , the impedance of the air rectangle cavity section can be replaced by an effective impedance described by [24] , [25] :
where φ D = β c D ai r is the phase shift of the SPP wave of propagation constant β c along the cavity length D ai r , and Z L = (1/ε m ) 1 2 Z c , ε m is dielectric constant of silver, which can be described by the Drude formula [19] , ε ai r is dielectric constant of the air rectangle cavity. Moreover, since the load impedance Z L and the effective impedance Z i n have the same terminal voltage on either side, they are connected in parallel in the transmission line model. When an air rectangle cavity is inserted into the metal layer, there is a silver gap between the air rectangle cavity and the insulator layer. Moreover, the silver gap will play a significant role in modulating the transmission characteristics of the structure, which are confirmed in [29] , [30] . To solve this problem, according to the metal skin depth of SPs δ= [26] , γ is introduced into our derivation as the attenuation coefficient of impedance, and it can be expressed by:
where c is the speed of light, and D 2 is the thickness of the metal layer between the MDM waveguide and the air cavity. Furthermore, since the analogs of the transverse electric and magnetic fields of the SPs are the voltage and the current in the transmission line model respectively, the characteristic impedance of air cavity Z c can be written in the following form:
Based on these equations mentioned above, transfer matrix T s for the entire system can be obtained by using the transfer matrix method:
Similarly, the transmission of the MIM waveguide Bragg grating coupled with an air rectangle cavity can be written in the form:
As shown in Fig. 2(d) , it is observed that these results agree well with the FDTD simulation results.
In order to further verify the accuracy of our theoretical derivation, the transmission as a function of the coupling distance D 2 is studied with the methods of the finite-difference time-domain (FDTD) simulations and the transmission line theory in Fig. 6(a) and (b) , respectively, and both of them agree well with each other. For the FDTD simulations, we use a non-uniform mesh, and the proposed structure is investigated with perfectly matched layer absorbing boundary condition. As shown in Fig. 6 , the PIT transmission decreases with the increase of the coupling distance D 2 , which is attribute to the finite quality factor of the resonance in the subradiant resonator [7] . Furthermore, we also discuss the transmission as a function of the thickness of air cavity D ai r by using FDTD simulations and the transmission line theory, respectively. As shown in Fig. 7 (a) and (b), the wavelength of transparency window possesses blueshift, and the transmission of transparencypeak is decreased with the decrease of D ai r . This is due to the phase-matching condition is changed with D ai r , the transparency window has obvious shift. Moreover, since the misalignment between the resonance wavelengths of the rectangle cavity and the MIM waveguide Bragg grating is increased gradually, the transmission of transparency-peak is decreased.
Conclusion
In summary, a PIT structure based on the MIM waveguide Bragg grating laterally coupled with a single air rectangle cavity has been investigated theoretically and numerically. It is shown in the TLT results that significant PIT transmission can be achieved in the proposed structure. For the validation, we have compared them with the FDTD method and both of them agree well with each other. Thus, we believe our results can be greatly beneficial for the designs of the optical switching devices, sensors, and slow light devices in highly integrated optical circuits.
